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Abstract To investigate the coastal current in the Gulf of Maine (GoME) and its relation to forcing
from outside of the gulf, a high-resolution circulation model was developed and validated. Our model
shows that the Eastern Maine Coastal Current (EMCC) possesses two cores, an offshore and a nearshore
core that peak in summer and spring, respectively. The two cores can be traced back to outflows from the
Bay of Fundy from opposite sides of Grand Manan Island, and both cores are deeper and slightly more
onshore in summer and fall in response to tidal mixing, surface thermal stratification and wind. The two
cores merge south of Pleasant Bay, then split into two branches again east of Mount Desert Rock, where
the nearshore branch flows along the coast, while the offshore branch turns southward to recirculate
in the eastern GoME. Subject to variations of Scotian Shelf Water and Slope Water (SW) inflows, the
offshore veering occurs further upstream (northeastward) in late winter and summer, but gradually shifts
downstream (southwestward) from summer to winter. Diagnosis of momentum balance demonstrates that
the EMCC is primarily driven by the pressure gradient force (PG), of which the barotropic PG is dominant
and offshore, while the baroclinic PG is onshore and increases with depth. The large baroclinic PG at
depths, modulated by SW, that is, blended by tidal mixing, offsets the barotropic PG. Near the surface, the
barotropic PG is nearly balanced by the Coriolis force, forming the geostrophic EMCC.
Plain Language Summary

The coastal current in the Gulf of Maine (GoME) plays an
important role in modulating fisheries in Maine. To investigate the coastal current and its relation to
different forcing, a high-resolution circulation model was developed and validated. Our model shows that
in the eastern GoME, the coastal current has two cores, namely an offshore and a nearshore core peaking
in summer and spring, respectively. The two cores can be traced back to outflows from the adjacent Bay
of Fundy. Both cores are deeper and slightly more onshore in summer and fall due to tidal mixing, large
solar radiation and weak wind. The two cores merge as they flow downstream, then bifurcate again east
of Mount Desert Rock, where the nearshore branch flows along the coast, while the offshore one turns
southward. Subject to variations of inflows from outside of the gulf, the offshore turning occurs further
upstream in late winter and summer, but gradually shifts downstream from summer to winter. Analyses of
momentum balance show that the coastal current is primarily modulated by the variation of deep denser
water inflow that is blended by tidal mixing.

1. Introduction
The Gulf of Maine (GoME) is a semi-enclosed mid-latitude marginal sea bounded by the northeastern
coastlines of United States and Atlantic Canada and separated from the North Atlantic Ocean by Georges
Bank and Browns Bank (Figure 1). The gaps between the banks and mainland form two main channels,
the Northeast Channel located on the eastern side of the GoME and the Great South Channel on the southwestern side. Limited deep-water exchange only occurs through the Northeast Channel with a sill depth of
about 230 m (Mountain, 2012; Ramp et al., 1985; Townsend et al., 2015; Wanamaker et al., 2019), though
some shallow water exchanges also occur through the Great South Channel with a depth of ∼100 m. The
three largest deep basins in the GoME are Georges Basin and Jordan Basin in the east and Wilkinson Basin
in the west. The northeastern GoME is also connected to the Bay of Fundy (BoF), where very large tides
and powerful tidal currents occur due to the interaction of topography and tidal resonance in the GoME
(Duff, 2011; Greenberg, 1979).
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Due to the limited exchange, the main source waters to the GoME are: (a) shallow cold, fresh and less dense
Scotian Shelf Water (SSW) entering in the northeast corner of the GoME; and (b) deep Slope Waters (SW)
entering via the Northeast Channel (Bumpus, 2011; Mountain, 2012; Ramp et al., 1985). Moreover, rivers
also discharge a large amount of fresh water, such as the Saint John (inside the BoF), Penobscot, and Kennebec Rivers among others. The inflow of SSW is associated with the westward-flowing Nova Scotia Current
and generally reaches its maximum in winter (Smith, 1989). In recent years, the Nova Scotia Current accelerated and thus increased the SSW inflow to the GoME (Smith et al., 2012). Some SSW flows directly into
the eastern GoME, while some forms the Bay of Fundy Gyre (BoFG), flowing cyclonically between Nova
Scotia and Grand Manan Island (GMI), eventually turning southwestward into the eastern GoME (Aretxabaleta et al., 2008). The SW can be further divided into two components: warm and salty Warm Slope Water
(WSW) from the South, and cold relatively fresh but denser Labrador Slope Water (LSW) from the North,
that meet and mix in the continental slope region outside of the GoME. WSW lies above the North Atlantic
Central Water and is adjacent to the Gulf Stream. LSW generally resides shoreward and below the WSW
and is considered an extension of Labrador Current. Inflows of SW are larger and steadier in summer and
early fall, but occur in bursts in winter. The inflows are affected by many factors, for instance, more LSW
enters the GoME coinciding with the decrease of North Atlantic Oscillation value and less SW with more
SSW inflow (Mountain, 2012; Townsend et al., 2015).
The general circulation in the GoME is cyclonic (Bigelow, 1927; Brooks, 1985; Brown & Irish, 1993; Xue
et al., 2000) and the southwestward currents along the coast are often referred to as the Gulf of Maine
Coastal Current (GMCC; Pettigrew et al., 1998, 2005; Xue & Du, 2010). The GMCC has two principal segments, the Eastern Maine Coastal Current (EMCC) and the Western Maine Coastal Current (WMCC). Likely driven by a combination of tidal rectification and baroclinic pressure of different water masses (such
as river runoff, SW and SSW), the EMCC can be well mixed to the depth of ∼50 m, and hence identified as a cold band near the coast that extends southwestward from the mouth of BoF to the vicinity of
Penobscot Bay (Bisagni et al., 1996; Pettigrew et al., 1998). Fed by the EMCC (i.e., connectivity between
EMCC and WMCC) and surface-trapped river plumes (mainly the Penobscot and Kennebec-Androscoggin Rivers) (Hetland & Signell, 2005; Pettigrew et al., 2005), the WMCC is shallower, broader and weaker,
generally extending from Penobscot Bay to Cape Cod without evident temperature features (Hetland &
Signell, 2005). Apart from feeding the WMCC, the remaining portion of the EMCC veers offshore variably
near Penobscot Bay, contributing to the cyclonic gyre around Jordan Basin (Brooks & Townsend, 1989; Luerssen et al., 2005; Pettigrew et al., 1998, 2005). Where the cold plumes of the EMCC are deflected offshore
may be influenced by the inflowing SW (Bisagni et al., 1996; Brooks & Townsend, 1989). Generally, the
EMCC separates east of Mount Desert Island in spring and summer, but shifts westward in other seasons
(Pettigrew et al., 1998, 2005).
Due to limited spatial resolution, observations are rarely sufficient to support a complete quantitative and
dynamical analysis of coastal currents (e.g., Grifoll et al., 2013; Sutherland & Pickart, 2008). Circulation
models are, therefore a valuable addition to explore coastal hydrodynamics. Models can provide more data
than in-situ and satellite measurements and reproduce the complexities of ocean processes at various spatial and temporal scales based on different resolutions. Moreover, models can also be utilized to quantify the
significance of various factors and processes that determine the circulation (e.g., Conlon et al., 2018; Nagura
& McPhaden, 2014; Zhang & Hetland, 2012; Zhang et al., 2014). High-resolution models are particularly
useful for exploring the hydrodynamics in highly productive nearshore and coastal areas where strongly
spatiotemporally varying processes such as river runoff, wind, tide, eddies and waves, interact (e.g., Aleynik
et al., 2016; Wang, Chai, & Brady, 2020; Wang, Chai, Dugdale, et al., 2020; Wang et al., 2019). However,
models do have inherent limitations and errors, of which their accuracy suffers from the most castigations.
Therefore, models must be validated. Generally, model performance can be evaluated via model-observation comparisons, including temporal comparisons of time series of temperature, salinity and sea surface
height (SSH) at observed locations (e.g., Conlon et al., 2018; Lavaud et al., 2020; Stanev et al., 2019), and
spatial comparisons of distributions of velocity along horizontal and vertical transects (Conlon et al., 2018).
The evaluations are commonly represented in quantitative metrics, such as correlation, mean square error,
mean absolute error, bias and other self-defined parameters (Conlon et al., 2018; Mark et al., 2008; Pairaud
et al., 2011; Sentchev & Yaremchuk, 2016; Willmott, 1981; Xue et al., 2005).
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Figure 1. Model mesh grid (a) and bathymetry (b) in the Gulf of Maine (GoME). The inset in panel (a) shows the NorthEast Shelf Seas model domain. The
magenta and green rectangle in panel (a) mark the sub-region of the eastern GoME and the mouth of BoF, respectively. Locations for buoy I01 and ADCP
transect B1 are marked by black dot and red line in panel (b). The two black stars in panel (b) mark Machias Seal Island, and Mount Desert Rock from east to
west. The black and magenta lines in panel (b) mark transects 1, 10, 11, A1, A2, 3E, and B1 used in later figures.

In this paper, we used a high-resolution circulation model first to determine the dominant patterns of the
EMCC and its offshore veering and then to investigate and quantify the primary factors governing the patterns. The model setup, configuration, validation and analysis methods are presented in Section 2; the general pattern and seasonal variations of the EMCC are summarized in Section 3; the factors that may affect
these variations are analyzed and discussed in Section 4; and finally, a summary of this study is provided
in Section 5.

2. Methodology and Validation
2.1. Model Setup and Configuration
The circulation model is based on the Semi-implicit Cross-scale Hydroscience Integrated System Model
(SCHISM) (http://ccrm.vims.edu/schismweb/; Zhang & Baptista, 2008; Zhang et al., 2016), version 5.6.1.
SCHISM is a 3-D, free-surface, unstructured grid model, together with the inversed CFL setup (which allows a finer grid along with a longer time step) making it ideal for high resolution and nearshore applications. The standard Navier-Stokes equations are solved with hydrostatic and Boussinesq approximation. For
example, the momentum equation is given as follows:
Du
 f  g  m z
dt




f

f  v,  u  

g

P


A
  d     gΨ  Fm
0 z
0

(1)
(2)

Du
is the material derivative of the horizontal velocity (u); f contains the Coriolis force, baroclinic
dt
pressure gradient (PG) force, atmospheric PG force, earth tidal potential gradient force and horizontal viscosity successively; and other terms on the right of Equation 1 are barotropic PG force and vertical viscosity.
η, g, ρ, ρ0, and PA are the free-surface elevation, acceleration due to gravity, water density, reference water
density and atmospheric pressure, respectively. Explanations of other parameters and governing equations
can be found in the SCHISM manual (http://ccrm.vims.edu/schismweb/schism_manual.html).

E
where

The NorthEast Shelf Seas model (NESS; Wang et al., submitted) covers the shelf seas from Long Island
Sound to the Gulf of St. Lawrence, with horizontal resolution ranging from 200 m nearshore in the GoME
to 6 km near the open boundary that is away from the GoME to minimize artifacts introduced at the open
boundary on the coastal GoME (Figure 1a). Vertically, NESS adopts a Localized Sigma Coordinate with
Shaved Cell, that has 70 levels in the deepest part of the domain, gradually reducing to a single level in
areas where the water depth is less than 1 m. The initial temperature and salinity were interpolated from
LI ET AL.
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the simultaneous 6-hr HYCOM reanalysis (http://ncss.hycom.org/thredds/catalog.html), while the initial
velocity and elevation were 0. The minimum depth of wetting/drying, horizontal viscosity, and drag coefficients were constant at 0.01 m, 0.075, and 0.004, respectively. The model was forced by (a) SSH, temperature, salinity, and velocity from 6-hr HYCOM reanalysis, (b) eight tidal components (O1, K1, Q1, M2, S2, K2,
and N2) from FES2014 (http://www.aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes.
html) at the open boundary without sponge layer, (c) 23 rivers with discharge from USGS (http://maps.
waterdata.usgs.gov/mapper/index.html) or scaled to those discharges based on watershed areas, and (d)
3-hr NARR meteorological forcing including wind, heat, and freshwater fluxes (http://www.ncdc.noaa.gov/
data-access/model-data/model-datasets/north-american-regional-reanalysis-narr) at the surface. The model was set to restart at the beginning of each year, ramp up in a day and output hourly temperature, salinity,
elevation, velocity etc. at each node for the time period from 2014 to 2018. The outputs for 2018 were not
utilized in this paper due to slightly different configurations. Additionally, although much more computationally expensive, the forces in Equations 1 and 2 were also directly output for February and August of
2016, when the circulation in the GoME represented typical winter and summer conditions, to diagnose the
model with better accuracy.

2.2. Model Validation
The model simulation compares well with tide gauge measurements for SSH, buoy data for temperature,
salinity and velocity time series (Wang et al., submitted) and CTD data for composite temperature-salinity
(T-S) characteristics (Figure S1). In this study, we focus on the monthly mean velocities of the EMCC (Figure 2). In situ measurements from Northeastern Regional Association of Coastal Ocean Observing System
(NERACOOS, http://neracoos.org/) buoy I01 (see Figure 1b for buoy locations) are compared with the
model results at the nearest node. For the observations, the 2-m velocities were measured by Aanderaa
Current Meters (RCM9) and those deeper were by Acoustic Doppler Current Profilers (ADCP; http://www.
neracoos.org/datatools).
Generally, the monthly averaged velocity directions match relatively well, although the modeled magnitudes are somewhat smaller. The seasonal variations of the coastal currents are captured successfully with
larger velocities in later spring and summer and to a degree the vertical variations are also reproduced.
From Figure 2, at buoy I01 the modeled velocities near the surface tend to be smaller in the summer. As a result, the model attains a maximum current speed below the surface, which is absent from the observations.
Many observed velocities in the upper 50 m range from −0.2 to −0.1 m/s in summer, but the correspondingly modeled velocities range from about −0.1 to −0.05 m/s with very few velocities exceeding −0.1 m/s. The
model performance is assessed using the Willmott Skill (Willmott, 1981):


Skill 1 

2
1 N
 i 1  mi  oi 
N


/ mo  oo







2




(3)

where m is the model output, o the observed data and N the number of observations. A score of 1 indicates
perfect agreement between observations and model, and 0 means complete disagreement.
The corresponding model skills gradually decline with depth, with a mean of 0.52 and 0.46 for monthly
averaged u and v at buoy I01. The smaller skills at depth may partially result from the larger uncertainties
associated with the very small velocities.
In addition, shipboard ADCP data were obtained both across and along the nearshore transects from 2014
to 2016 (Figure S2). These provided 15 transects in 2014, 41 in 2015, and 21 in 2016 (https://www.bco-dmo.
org/project/527082 and http://data.bco-dmo.org/jg/serv/BCO/MuLTI_2/ADCP_Transects_all.html0). For
the offshore regions, there was one overlapping ADCP transects (B1) in the northeast corner of the GoME
during 17:31–20:12, August 10, 2017 (see Figures 1b and 6 for the location of B1) (https://dlacruisedata.
whoi.edu/tioga/cruise/ti978/). In general, the modeled velocities match the observed ones best in the eastern GoME (Figures S2–S5). In the western GoME, although the model skills for ADCP transects are smaller,
the model does successfully reproduce the complex vertical structures of velocities despite the noisy ADCP
data and the spatiotemporal mismatch between the observational and modeled data (Figure S4).
LI ET AL.
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Figure 2. Comparisons of modeled (Mod.) and observed (Obs.) monthly mean velocity (a–d) and the corresponding model skills (e) at buoy I01.

2.3. The Strength and Core Locations of the EMCC
Low surface temperature marks the EMCC very well in summer and autumn, while in other seasons surface
temperature of the EMCC does not differ evidently from surrounding waters. To quantitatively determine
the variations of the EMCC year-round, the largest velocity and flux through ten cross-shelf and one alongshore transects are utilized in the eastern GoME. Cross-shelf transect 10 starts west of Muscongus Bay with
a length of 79.2 km and roughly perpendicular to the 100 m isobath offshore of Muscongus Bay; cross-shelf
transect 1 starts west of Machias Bay with a length of 50 km and roughly perpendicular to the 100 m isobath
in the Eastern GoME; and transect 11 connects the offshore terminus of transect 1 and 10 and roughly follows the 100 m isobath in the eastern GoME with a length of 201.4 km (Figures 1 and 3). Between transects
1 and 10 lie transects 2–9. These transects are uniformly divided to 999 segments (i.e., 1,000 nodes), and the
variables at the nodes were obtained by a 3D interpolation of the corresponding model outputs.
Given the persistence of the EMCC, the monthly averaged velocity magnitude through the cross-shore
transects represents the corresponding strength of the EMCC. The velocity maximum at individual crossshore transects defines the core locations of the EMCC, marking the paths of the EMCC. However, the
EMCC sometimes intersects transect 11 at small angles (Figure S6b). Moreover, there is a persistent cyclonic
eddy around the offshore terminal of transect 1 due to a topographic bump, and the eddy often overlaps
with the offshore veering of the EMCC through transect 11 (Figure S6a). Therefore, the largest velocities
along transect 11 may not always represent the core of offshore veering. Because the cores through crossshore transects are evident and consistent, streamlines through these cores can be used to determine the
LI ET AL.
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Figure 3. Horizontal distributions of 4-year averaged (a and b) and EOF 1st mode (c and d) of velocity magnitude at the surface (a and c) and 10 m (b and d),
as well as the corresponding time coefficients of the 1st mode (e). The black triangles in panel (d) mark cores determined by maximum velocity (streamlines
mentioned in Section 2.3) at transect 1–10 (11) (the same in Figures 4, 5 and 7–10), and the pink curves highlight the paths of the Eastern Maine Coastal
Current and nearshore currents. The black stars mark North Rock, Machias Seal Island, and Mount Desert Rock from east to west.
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offshore-veering cores; specifically, by using the spatial mean of intercepts between streamlines through
cores at transects 1–4 and transect 11 (black triangles in Figure S6). In addition, the flux per unit length,
calculated using the vertical integration of velocity perpendicular to the transect, can also define the horizontal locations of offshore-veering cores. The cores defined by the aforementioned three methods sometimes diverge (e.g., Figures S6b and S6d), and none of them can always convincingly determine the offshore
veering. Therefore, offshore veering determined using all three methods will be qualitatively described and
analyzed in Sections 3.2 and 4.3.

2.4. The Salt (Freshwater) Flux of SW (SSW)
The main sources of water into the GoME, the SSW and SW, prominently affect the dynamics of the EMCC.
To explore their influences, inflows of these two water masses need to be quantitatively determined. Given
that the temperature of SSW does not always significantly differ from that of the eastern GoME, salinity
is utilized as the indicator. The freshwater (salt) flux can be calculated by multiplying the corresponding
fraction, defined as the ratio of salinity anomaly
E
S0 ‐ S / S0, with the velocity, and then integrating over
transects A1 and A2 (see Figure 1b) (Geyer et al., 2004; Hetland & Signell, 2005). The formula is,


Flux  ∬ v  y, z 

S0

‐S

S0

dydz

(4)

where S0 is the reference salinity, v is the velocity normal to the transects, y and z are respectively the
along-transect and vertical coordinates. The v is set to 0 when salinity is smaller (larger) than S0 for salt
(freshwater) flux. In this paper, S0 is set to be the 4-year mean of the maximum (minimum) monthly averaged salinity along transect 11, that is, 34 (32.6) for SW (SSW).

3. Results
3.1. Features of the EMCC
The 4-year (2014–2017) mean flow speed at the surface and 10 m for the eastern GoME coastal region is
shown in Figures 3a and 3b, respectively. About 20–30 km offshore from the coast, there exists an evident
and strong coastal current extending westward from GMI to Penobscot Bay: the EMCC. To quantify the
stability of the EMCC, the 1st EOF mode of the velocity magnitude at the surface and 10 m are shown in
Figures 3c and 3d. These almost exactly match the 4-year means with corresponding contributions of 92.9%
and 95% of the variance, respectively. Those of the 2nd mode are just 3.4% and 2.3%. Because of its dominance, the 1st mode can be utilized to analyze the path and general characteristics of the EMCC as well as
its temporal variations.
The model output clearly shows that the EMCC has two cores, with the largest velocity of 0.2–0.3 m/s at
transects 1 and 2 (Figure 3). The two cores merge south of Pleasant Bay and basically follow the 100 m isobath until about transect 5, with the largest velocity gradually declining to 0.15–0.2 m/s. The EMCC then
splits into 2 branches again, with a narrower nearshore branch continuing to flow southwestward along the
100 m isobath passing Penobscot Bay, and a broader offshore branch turning southward to cross transect
11 near transect 6. The nearshore flows with largest velocities of 0.05–0.1 m/s are much weaker than the
upstream transects. Additionally, river discharge forms evident jets at the surface, with the largest velocities
of 0.15–0.2 m/s (Figure 3a). The plumes also form some very close-to-shore cores, such as at transect 3 and
8, but we do not analyze them in this paper.
Time coefficients of the 1st EOF mode at 10 m (red curve in Figure 3e) show a rhythmic seasonal variation
of the EMCC, strongest in late summer and weakest in winter and early spring, related to variations of the
PG (see Section 4). The coefficient at the surface (blue curve in Figure 3e) is less regular, likely due to the
influence of wind, as it has a correlation coefficient of 0.56, p < 0.001 (−0.33, p = 0.02) with the cross-shore
(alongshore) wind stress shown in Figure 12b.
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Figure 4. Mean February (a), May (b), August (c), and November (d) flow speed through transect 1, 3, 6, 10, and 11 for years from 2014 to 2017.

3.2. Seasonal and Interannual Variations of the EMCC
To further analyze the seasonal and interannual variations of the EMCC, monthly mean flows through transects 1–11 were evaluated. The averaged February, May, August, and November flow speed for 2014–2017
along with the time series of locations and core velocities are shown in Figures 4 and 5 for transects 1, 3, 6,
10, and 11.
At transect 1, the 4-year mean velocities clearly show 2 year-round cores (Figure 4) that are approximately
15–20 km apart. Both cores are generally a little further north (closer to shore) in summer and autumn,
but the largest swing between winter and summer is just several kilometers (Figure 5a). The depths of the
two cores also have similar variation patterns (Figure 5c); near the surface in spring, sinking to 10–15 m
(∼5 m) in summer, and reaching the deepest location of ∼20 m (5–10 m) in autumn before rising to 5–10 m
(0–10 m) in winter for the offshore (nearshore) core, respectively. The largest southwestward velocity of the
offshore core ranges from 0.3-0.35 m/s in August to 0.1–0.15 m/s in later winter, whereas for the nearshore
core the velocity peaks in spring at 0.2–0.25 m/s, maintains ∼0.2 m/s in summer and early autumn, and
then decreases to ∼0.15 m/s in winter (Figure 5e). At transect 1, the model suggests that the seasonal variations of T-S are similar in the two cores, though the salinity of the nearshore core is lower by 0.1–0.5 (Figure S7). Specifically, the salinity of the offshore (nearshore) core ranges from 32.4 (31.9) in January and May
(May) to 33.2 (33.1) in October to December, and temperature from 5.4 (4.1) °C in March to 12 (12.9) °C in
September. The smaller salinity in January and February (May) results from the SSW inflows (river plumes).
The two upstream cores merge before reaching transect 3. This year-round core experiences similar seasonal variation as the cores at transect 1, but with smaller magnitudes (Figure 5e). This core lies a little further
south and near the surface with speeds of 0.1–0.15 m/s in winter and early spring. It then moves slightly
LI ET AL.
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Figure 5. Monthly mean latitude (a and b), depth (c and d), and velocity magnitude (e and f) of the Eastern Maine Coastal Current cores at transect 1, 3, and
6 (a, c, e), and transect 11 (b, d, f) determined by the methods in Section 2.3. The legend shown in panel (c) identifies the offshore (off) and nearshore (near)
cores, respectively.

onshore and sinks to 4–5 m with speeds of 0.2–0.25 m/s in summer and autumn. However, the core speed
also inherits the temporal traits of the nearshore core at transect 1, with secondary peaks at 0.16–0.22 m/s
in May of 2014, 2015, and 2017 in addition to the main peaks in autumn.
The two-core structure emerges again at transect 6 with a stronger year-round nearshore core and an inconsistent offshore core. The relatively rhythmic variations of the nearshore core basically correspond with
those of the cores at transect 1 and 3. In winter, it is slightly offshore and usually at the surface with core
speeds of 0.05–0.12 m/s; in spring and summer it approaches the shore and is around 5–8 m deep with the
highest speed increasing gradually to ∼0.2 m/s in July-September; and in autumn along with declining
speed, the core gradually surfaces and moves offshore. The inconsistency of the offshore core in winter
and spring is impacted by both the offshore veering and the limited length of transect 6. Nevertheless, the
time series still indicate more interannual differences compared to transects to the east. The lateral shifts
are small and irregular, fluctuating between 43.76 and 43.9°N; the core sinks to 12–20 m in spring and
then again in the autumn of 2014 and 2017. The change in velocity magnitude is generally opposite to that
of the nearshore core, with smaller speeds (0.04–0.08 m/s) in later spring and summer but larger speeds
(0.1–0.15 m/s) in winter.
In addition to feeding into the WMCC, part of the EMCC turns southward near Mount Desert Rock and
flows toward the interior GoME. Cores defined by maximum speed, streamlines and maximum flux provide
a similar seasonal trend of offshore veering. In later winter and early summer, the offshore-veering location is further to the northeast, and in 2015 it even reaches to the south of Chandler Bay (44–44.2°N, see
Figure 1b for the location); the location generally shifts southwestward from summer through winter, and
reaches to the south of Penobscot Bay (∼43.4°N) (Figure 5b) in winter. Maximum offshore-veering velocity
decreases from ∼0.2 m/s in February to 0.05–0.1 m/s in spring, and then maintains 0.05–0.15 m/s through
summer and autumn. Moreover, the core is a surface feature for most of the time except for occasional
summer months when it reaches to a depth of 20–30 m (Figure 5d). However, the velocities associated with
deeper cores are only slightly larger than the surface velocities from the same time. In general, the model
suggests that offshore veering is relatively similar in 2014 and 2015, occurring to the northeast with larger
speed and swinging southwestward with smaller speed from summer to winter. In 2016 and 2017, there are
stronger year-to-year variations.
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4. Discussion
4.1. Origins of the EMCC Two-Core Structure
The EMCC experiences seasonal variations (Figures 3–5) in accordance with many previous studies (e.g., Manning et al., 2009; Pettigrew
et al., 2005); larger core velocities and transport in summer and early
autumn, and smaller ones in later winter and early spring. However, its
two-core structure was rarely mentioned in previous studies. Pettigrew
et al. (2005) postulated that the core of the coastal current is squeezed
offshore and to deeper depths by nearshore water masses that are freshened by local runoff. Gangopadhyay et al. (2003), Keafer et al. (2005), Li
et al. (2009), and McGillicuddy et al. (2011) presented a conceptual and
schematic current inshore of the EMCC based on inferences from previous observational studies. Models with relatively sparse grids did not capture this feature (e.g., Aretxabaleta et al., 2008; Hetland & Signell, 2005;
Figure 6. Tracks of drifters. The blue (green) curves are the tracks of 20
Xue et al., 2000). Given that the nearshore core is stronger than the
(24) drifters deployed in the Grand Manan Channel (northeast corner of
offshore one in winter and spring, high-resolution but limited-domain
the Gulf of Maine and Bay of Fundy), 1988-present. The red squares and
nearshore models may have identified the nearshore core as a very closepentagrams mark their initial locations. The thick magenta and black
to-shore EMCC (Conlon et al., 2018). The residuals of validated instantacurve marks the 100 m isobaths and Acoustic Doppler Current Profilers
transect B1.
neous flows along transect B1 show two main southwestward branches
on two sides of ∼67.13°W (see Figures S5e–S5f). Based on drifter data
(https://comet.nefsc.noaa.gov/erddap/tabledap/drifters.html), the tracks
of 20 drifters deployed in the Grand Manan Channel (GMC) remain inshore of 100 m isobath, while those
of 24 drifters deployed in the northeast corner of the GoME and BoF stay near or offshore of the 100-m
isobath (Figure 6). The boundary between the tracks is roughly near 67.13°W at transect B1. The evident
difference is indicative of the relative separation of outflows from the GMC and BoF, which appear to form
respectively the nearshore and offshore core of the EMCC.
As seen from Figures 3 and 4, the dual-core structure of the EMCC is very stable between years and months.
This consistency results from the complex flow fields in the eastern end of the GoME and near the mouth
of BoF, specifically, the BoFG, the eddy south of GMI, and the eddy in the GMC (sketched in black arrows
in Figure 7d). The westward current southeast of GMI consists of the northwestward SSW and the outflow
of the BoFG, which is driven by the PG and tidal rectification associated with topographic variation (Aretxabaleta et al., 2008). As indicated by the tracks of drifters deployed in the northeast corner of the GoME and
BoF, this current then gradually turns southwestward and forms the offshore core of the EMCC.
Due to the topographic bump (dashed black line in Figure 7a, also see Figure 1b for the corresponding
topographic feature), water exchange between the northern end of GMC and BoF is limited at depths (Figures 6 and 7a), and two counter-rotating eddies form, a clockwise one east and counter-clockwise one west
of the bump (Figures 6 and 7d), respectively. Moreover, a clockwise eddy exists southwest of GMI, that is,
south of the counterclockwise eddy in the GMC. These two eddies form an eddy dipole that draws some
outflow from the BoFG into the GMC from the southern end. This feature joins part of the outflow from
Passamaquoddy Bay to form the southwestward flow on the Maine side of the GMC and the nearshore core
of the EMCC. Additionally, Machias Seal Island and North Rock, lying between the two branches, restrain
the merging and mixing, and further shape and stabilize the two-core structure of the EMCC. As presented
in Section 3.1, the two cores merge by transect 3. However, from particle tracking experiments (not shown),
the two cores are indistinguishable due to close proximity, but do not mix thoroughly. The across-shelf mixing between the nearshore and EMCC will be a focus of a separate study.
4.2. Dynamical Balances in the EMCC
The temperature, salinity and momentum balance associated with the two cores differ (Figures 7 and 8).
As indicated in Figure 8, except for transect 10, the nearshore core occurs roughly at the 50 m isobath,
while the offshore core occurs mostly at the 100 m isobath, within the interval of 94 ± 23 m from the drifter
observations (Manning et al., 2009). In February, the nearshore core is colder and fresher, and the primary
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Figure 7. Distributions of mean February (a and c) and August (b and d) flow fields with salinity (a and b) and temperature (c and d) in the northeast corner
of the Gulf of Maine and around the mouth of Bay of Fundy (green rectangle in Figure 1a) at the surface (a and b) and 10 m (c and d) for years from 2014 to
2017. Thin white curves are 50, 100, and 200 m isobaths. Black stars mark the locations of Machias Seal Island and North Rock. Thick black arrows in panel (d)
sketch the general circulation pattern in the subdomain. BoFG, GMI, GMC, and PB in panel (d) denotes the Bay of Fundy Gyre, Grand Manan Island, Grand
Manan Channel and Passamaquoddy Bay.

balance is among the Coriolis force, PG and nonlinear advection term, while the offshore core is basically
in geostrophic balance. As the two cores approach at transect 2, the nonlinear advection effects increase,
but then decline at transects 3 and 4. In August, the nearshore core is slightly fresher, and the nonlinear
advection term becomes more important wherever the core speed is larger, that is, for the offshore core at
transect 1, but for the nearshore core at transects 5 and 6. The wind stress (vertical viscosity term) is more
significant at the surface, especially in February, but nearly negligible below 20 m (not shown). In summary,
the model shows the EMCC is mainly driven by the PG force, to be discussed further in next section, but
nonlinear advection and wind stress also play location-specific minor roles.
The dynamic balances shown in Figure 8 suggest that the EMCC is mainly driven by the offshore-directed
PG force, of which the baroclinic part counteracts the dominant barotropic part (Figure 9). The offshore
barotropic PG indicates higher sea level at the coast, whereas the baroclinic PG is always onshore. In February, even to the depth of 100 m, the baroclinic PG is very small, while in August it becomes comparable to
the barotropic PG below 50 m. This is because inshore of transect 11, the lateral density gradient in winter
is rather small throughout the water column, but in summer it increases dramatically in the water column
from 20 m downwards. This is related to the upward and shoreward spread of the bottom water from Jordan Basin while nearshore is well mixed because of tides (Figures 10a and 10b). The EMCC, especially the
offshore core, is associated with the relatively dense bottom water. The higher density comes from the combined effects of colder temperature and higher salinity (see Figure 7). Specifically, after entering the GoME
via the Northeast Channel, the denser SW gradually spreads to Jordan Basin and then is brought upward
by the strong vertical tidal mixing when approaching the coast as seen in Townsend et al. (2015). Near the
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Figure 8. Velocity (black arrows) and momentum balances at the cores through transects 1–11 at the depth of 2 m (a and b) and 10 m (c and d) in February (a
and c) and August (b and d) of 2016. Cor, PG, Vis_v, Vis_h, and Adv respectively represent the Coriolis force (red arrow), pressure gradient force (blue arrow),
vertical viscosity term (magenta arrow), horizontal viscosity term (green arrow), and nonlinear advection term (cyan arrow). Thin gray lines are the 50, 100, and
200 m isobaths.

surface where the baroclinic PG is insignificant, the barotropic PG is balanced by the Coriolis force resulting
in nearly geostrophic balance of the EMCC.
Bisagni et al. (1996) suggested that the low-frequency (∼30-120-day band) variations of the near-bottom
water in Jordan Basin likely exerted a large influence on the GMCC. As shown by Deese-Riordan (2009)
and Townsend et al. (2015), inflow of SW into Jordan Basin peaks in early fall, when SW can spread closer
to shore (Figures 10b and 10d). The baroclinic PG thus peaks in summer and early fall, which also benefits
from reduced vertical mixing in response to strong temperature stratification and weak winds. The barotropic PG (i.e., the sea surface slope) correspondingly reaches a maximum giving rise to the strongest EMCC
(particularly the offshore core). In winter, the small SW inflow, together with augmented vertical mixing
induced by atmospheric forcing, forms a relatively uniform horizontal density field (Figures 10a and 10c)
and the small baroclinic PG, with the correspondingly weakest EMCC.
Given that the EMCC is nearly geostrophic, the vertical shear of the alongshore velocity
E
u basically follows
du
g d
 
, where
E
u is positive southwestward, vertical coordinate
dz
0 dl
z positive downward, ρ0 reference density and density gradient (dρ/dl) positive offshore. From Figures 10a
and 10b, tides bring denser water upward, and even vertically mix the entire water column when approaching the coast, which results in lateral density gradients across the shelf. On the other hand, in summer and
fall, the strong thermal stratification near the surface to a certain degree hinders the vertical mixing and
isolates the lighter surface water offshore to reverse the lateral density gradient in the upper water column
where the water depth is too large for the tidal mixing to reach the surface. As shown in Figure 11, the density gradient is positive for the nearshore core year-round, and stronger in spring and summer than other
seasons, while it becomes negative in the upper water column in summer and fall for the offshore core. The
E
the thermal wind relation, namely
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Figure 9. Velocity (black arrows), barotropic (blue arrows), and baroclinic (red arrows) PG at the cores through transects 1–11 and the depth of 50 m (a and b)
and 100 m (c and d) in February (a and c) and August (b and d) of 2016. Thin gray curves are 50, 100, and 200 m isobaths.

reversal of density gradient in the vertical leads to the subsurface velocity maximum, namely the subsurface
offshore core in summer and fall seen in Figures 4c and 5d. However, the sinking of the nearshore core is
more wind-driven because the lateral density gradient remains offshore year-round, and the correlation between the alongshore wind stress (see Figure 12b) and the nearshore core depth (velocity) is 0.54, p < 0.001
(−0.53, p < 0.001) because the northeastward alongshore wind reduces the southwestward velocity near the
surface. Additionally, both cores slightly approach the coast in summer and fall (see Figure 5a), corresponding with the relaxation of the cross-shore wind.
4.3. Offshore Veering of the EMCC and Driving Factors
From Figure 5b, the latitude of the offshore-veering cores determined by the maximum speed and maximum flux clearly show a bimodal shape, resetting to their easternmost positions in late winter and again
in summer, with the first one further northeast than the second. The resetting in late winter (summer) is
likely related to the peak of SSW (SW) inflow reaching the northeastern corner of GoME, and the temporal
gap between results in the smaller southwestward swing in April/June depending on years. Specifically, the
larger inflow of denser SW in summer can spread further to the northeast, accompanied by the elevated
sea surface around the eastern GoME-GMI area (not shown), which deflects the EMCC and forms offshore
veering further to the northeast. As the season progresses, the SW continues to spread southwestward (Figure 10c), which allows the EMCC to flow further to southwest and correspondingly, its offshore veering.
On the other hand, the inflow of SSW into the GoME peaks in winter and reaches the BoF and transect 1
in the January-February time frame (Feng et al., 2016). This also strengthens the eddy around the offshore
terminal of transect 1. The vernal gap was stronger in 2017, which may be related to the enhanced SSW and
suppressed SW inflows in that year (Figure 12a).
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Figure 10. Density (ρ-1,000 kg/m3) along the extended transect 3 (3E, in Figure 1b) (a and b), and density along the transect 11 (c and d) in February (a and c)
and August (b and d) of 2016. The thin white dashed lines in panels (a and b) indicate the offshore end of transect 3. The black, red and magenta triangles along
transect 11 are cores determined by streamlines, maximum flux per unit length and speed maxima.

Figure 11. Cross-shore density gradients (dρ/dl, positive offshore) at the nearshore (a) and offshore cores (b) of transect 1. The black curves are core depths,
and the white curves in panel (b) are 0 contours of dρ/dl.
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To further quantify the roles of various forcing factors in modulating the
offshore veering of the EMCC, we consider variations of the freshwater
flux of SSW (FF_SSW), salt flux of SW (SF_SW) and winds (Figure 12).
The role of SSW (SW) is represented by the FF_SSW (SF_SW) using the
formula in Section 2.4 through transect A1 (A2) (see Figure 1b for the
transect locations). Our model shows that during the 4 years from 2014
through 2017 the FF_SSW reached a maximum (minimum) in late winter
(late summer and autumn) and the annual influx gradually increased,
with the peaks 2–3 times larger and lasting longer in 2016 and 2017. The
SF_SW tended to be opposite to the FF_SSW, higher in 2014 and 2015
than that in 2016 and 2017. Specifically, the SF_SW decreased from late
winter to autumn in 2014 and 2015 but maintained relatively high levels
in spring and summer of 2016, and peaked in the summer of 2017.
Monthly averaged winds are spatially coherent in the domain of focus for
this study (marked by the magenta rectangle in Figure 3), and its dominant influence on the EMCC can be analyzed by using the wind stress at
Figure 12. Time series of FF_SSW and SF_SW (a) and alongshore
10 m over Buoy I01 (see Figure 1b for the location) from NARR. We pro(positive northeastward) and cross-shore (positive offshore) wind stress at
10 m above buoy I01 (b).
jected the wind stress clockwise from true north to be generally along and
cross-shore, positive northeastward (54.4°) and southeastward (144.4°),
respectively. As shown in Figure 12b, the cross-shore wind stress was
mostly toward offshore and peaked (0.03–0.055 N/m2) in winter and early spring, but fluctuated around 0
in other seasons. The alongshore wind stress was mostly northeastward, generally had a small peak in June
and July (0.01–0.015 N/m2), and another one in December and January.
Given the locations of transects A1 and A2, it takes approximately 1–2 (2–3) months for SSW (SW) to reach
the eastern GoME-GMI area (Du et al., 2021; Feng et al., 2016) and the corresponding correlations generally reach their maximum at 2-month lag. The variation of the offshore-veering location relates to FF_SSW
(SF_SW) variability with the correlation of 0.42, p = 0.004 (0.34, p = 0.02), supporting that the peak of SSW
(SW) inflow resets cores to the easternmost positions in late winter (early summer). The correlation of the
cross-shore wind stress and depth (velocity) of the offshore-veering core determined by the streamlines is
−0.49, p < 0.001, (0.67, p < 0.001), meaning that the core rises, and its speed peaks, in concert with the
strong cross-shore wind stress in winter and spring (Figures 5d, 5f, and 12b). Nevertheless, monthly variations of core depth do not always match those of wind stress. For example, the sinking in June and September of 2015, and May and September of 2017, did not come with the evident variations of cross-shore wind
stress. We also calculated correlations between the offshore veering with river discharge from the Penobscot
and found no significant relationship. In summary, the model suggests that offshore veering of the EMCC is
mainly steered by SW and SSW, and its strength and depth can be influenced by winds.

5. Summary
This study utilized a high-resolution circulation model to illustrate the seasonal and interannual variations
of the EMCC in the GoME. The model outputs were quantitatively validated via the temporal comparisons
of monthly averaged velocity at buoys and spatial comparisons of velocity from shipboard ADCP measurements. Overall, the model performance is good, providing confidence in the results presented in this paper.
The model shows that the EMCC is a narrow year-round strong current. In the northeast corner of the
GoME, the EMCC has two persistent and distinct cores, due to the outflows from BoF and the local bathymetry. The strongest flow, the offshore core, reaches ∼0.35 m/s in summer and early autumn, mainly due
to the large sea surface slope that accompanies the expansion of SW. The nearshore core velocity reduces
to ∼0.15 m/s in later winter and early spring, at the time of the weak SW inflow and strong wind-driven
mixing. The depths of both cores vary synchronously, sinking to 15–20 m (5–10 m) in summer and autumn,
but for different reasons: the primary control for the offshore core depth is the reversal of lateral density
gradient in the vertical resulted from tidal mixing from the bottom and thermal stratification from the
surface, while for the nearshore core wind plays a more important role such that the surface velocity is
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reduced by the northeastward alongshore wind. The cores are slightly closer to the coast in summer and
autumn corresponding with the relaxation of offshore wind stress and stronger SW presence. The two cores
merge and partially mix as they flow downstream, then split into two branches again east of Mount Desert
Rock. Here the nearshore branch, together with local river runoff, continues along the coast and eventually
passes Penobscot Bay to feed into the WMCC, while the offshore branch turns southward forming the offshore veering of the EMCC. Due to variations of SW and SSW inflows, the offshore veering occurs further
to the northeast in late winter and again in summer, and can even reach as far as south of Chandler Bay;
while in other seasons it generally swings southwestward, and can even reach south of Penobscot Bay. The
offshore-veering core appears at the surface with larger velocity in winter and early spring, but sinks with
smaller velocity in other seasons.
Diagnosis of momentum balance demonstrates that the EMCC is primary driven by the PG, of which the
barotropic PG is dominant and offshore, while the baroclinic PG is onshore and increases with depth. The
large baroclinic PG at depth is set up by SW spreading over Jordan Basin, and offsets the barotropic PG
provided by the elevated sea surface around the eastern GoME-GMI area. Near the surface where the baroclinic PG is insignificant, the barotropic PG is nearly balanced by the Coriolis force, forming the geostrophic
EMCC. In addition, the EMCC is also spatiotemporally modified by the SSW inflow, river runoffs and wind.
The temporal and spatial validations support the abilities of this model to accurately reproduce the complex
hydrodynamics in this nearshore region of the GoME. These highlight the value of the NESS model for
exploring variability in material transport such as alongshore and cross-shore planktonic larval transport,
passive pollutant transport and dispersal, etc., and their relationships to variations in these coastal and
nearshore currents. Variability in the model also highlights the importance of monitoring SW and SSW
fluxes into the GoME.

Data Availability Statement
The model data used in the present study are available online at http://dataverse.acg.maine.edu/dvn/faces/
study/StudyPage.xhtml?globalId=hdl:TEST/10301.
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